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Abstract — The paper consider oxygen contamination of 
HCPA ALD grown GaN films under an air conditioning and 
during different time duration. High resolution XPS analysis of 
HCPA ALD grown GaN films after diluted 1:10 HF(41 %) : H2O 
and undiluted HF (41 %) influence on oxygen impurities was 
investigated. Lesser oxygen impurities have been observed. 
Better resistivity to oxygen atoms of GaN thin films after diluted 
HF solution treatment was achieved compared to undiluted HF 
treatment and without treatment. 
Keywords — GaN; HCPA ALD; oxygen; contamination; thin films.  
I.  INTRODUCTION  
III-Nitrides (Al, In, Ga)N — are excellent semiconductor 
compounds, which are of significant research attention over the 
last 20–25 years. Their properties [1-5] such as wide energy 
bandgap, high electron saturation velocity, high breakdown 
fields, high operational temperatures, low thermal generation 
rates, radiation tolerance and biocompatibility led to many 
highly successful technologies in the electronic and photonic 
systems [6] (high power LED's [7], HEMT’s [8, 9], 
multijunction solar cells [10, 11], future optical and memory 
devices, FETs, HEMTs and sensors [12], etc.).  
Currently, atomic layer deposition (ALD) is one of the most 
promising low-temperature nanometric deposition techniques. It 
offers to obtain high conformal coatings even on very complex 
tridimensional surfaces, with a strict thickness tolerance. During 
an ALD cycle, only one molecular layer is deposited on the 
substrate surface, enabling the theoretical possibility to tailor the 
composition of the deposit up to molecular resolution [13]. The 
importance of ALD processes for high throughput and coating 
on complex device geometries is well recognized for these 
applications. Nevertheless this technique it still has to be 
improved for III-N compounds and their ternary solutions for 
obtaining better crystalline structures.  
Moreover, there are still a lot of challenges that have to be 
solved for obtaining better crystalline structures and device 
quality layers: oxygen and carbon contamination [14], limited 
conformality [15], uniform doping [16], slowness of the process 
and others. Contamination of achieved films by carbon and 
oxygen is a challenging problem. This issue may exist because 
of insufficient purity of source gases and background 
contaminants in the vacuum. Oxygen contamination can also 
result from ex-situ exposure to air for polycrystalline materials. 
The existence of the native oxide layer on the air-exposed 
surface implied the possible creation of an uncontrolled 
dislocation formation that might significantly affect the next 
steps of a device fabrication process. It is one of the reasons of 
high densities of the threading dislocation (TDs) during GaN 
layer growth [17]. It can cause serious degradation processes in 
devices right up to complete failure of them. 
Due to the necessity of transferring the samples from one 
tool to another, it is critical to protect atomic layer deposited 
films from atmospheric oxidation. A number of methods can 
help in solving the problem of contamination, among them 
are: HF treatment, annealing, capping layers [18], exposure to 
the H2 flux [19], etc. Additionally, this pollution can be 
addressed with gas purifiers, and by improving the vacuum 
system with the use of load locks, adequate attention to system 
leaks and having a good quality pumping system. Substituting 
alumina tubes for quartz can lead to some improvement [20]. 
Thus, our main goals is to understand: (1) how could we 
efficiently remove native oxide from the surface of III-nitride 
thin films grown using hollow cathode plasma assisted ALD; 
(2) how and for how long could we protect the film surfaces 
from oxidation for the next steps of device fabrication. 
Previously reported results [21] provide evidence to believe 
that our further experiments will allow us to obtain III-nitride 
thin films grown using hollow cathode plasma assisted ALD 
that could be more stable to the outer environment after HF-
treatment. Due to previous study of HF, HCl (at room 
temperature) and NH4OH (at 50 °C) treatments of MOCVD 
InAlN films [22], we used only HF solution in our experiments. 
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II.  EXPERIMENTAL 
Gallium nitride film were deposited on Si (100) substrate 
at growth temperature 200 °C by using a Fiji LL Cambridge 
Nanotech ALD reactor equipped with remote inductively 
coupled RF-power source and base pressure 0.2 Torr. We used 
GaEt3 as a metal-organic precursor for Ga source. Ar is used 
as the carrier and plasma gas with 30 and 100 sccm flow rates 
for GaEt3 and N2/H2 flows, respectively. A total of 1000 
growth cycles were carried out at 300 W plasma power [23]. 
Film thickness and refractive index were estimated by using a 
visible range variable angle spectroscopic ellipsometry (SE) at 
three angles of incidence (  (65, 70, 75), ). The refractive 
index and thickness of GaN grown film were extracted from 
SE data by using the Cauchy dispersion function. Both 
undiluted (41 %) and diluted (1:10 of 41%) HF treatment of 
GaN films during 1min at room temperature was used for our 
study. For better comparative results free of treatment GaN 
film was additionally used. For better understanding what is 
the effect of HF on GaN samples, we checked oxide 
contamination after 10 min, 20 min, 30 min, 1 hour, 2 hours 
and 1 week of undiluted, diluted HF treatment and after the 
same periods of time for GaN film right after ALD growth 
without HF treatment. The elemental profiles and impurity 
incorporation of the GaN films after undiluted, diluted HF 
treatment and right after ALD growth were determined by X-
ray photoelectron spectroscopy (XPS) operating at 
monochromatized Al Ka wavelength. 
III. RESULTS AND DISCUSSION 
We explored the influence of HF treatment on the oxygen 
contamination of GaN films. The initial results for diluted HF 
treatment of GaN during 1 and 2 minutes still show presence 
of O1s after HF treatment that might be caused by oxygen 
diffusion inside few layers of GaN along the interface of 
air/GaN. Oxygen contamination on the surface was better for 
the sample which was treated with diluted HF during 1 
minutes (7,33 %) comparing with sample after 2 minutes of 
HF treatment (8,33 %) (see Table 1).  
These contaminations differences between these two peaks 
might be caused by the different speed of GaN surface 
degradation during diluted and undiluted HF treatment that 
under a longer time make the surface after 2 min more non-
uniform. Larger HF concentration might be a main reason of 
surface area increasing that lead to a faster oxidation under an 
air conditions. That is why for our further study we used HF 
treatment of GaN film during 1 minute. 
The XPS O1s spectral intensity of GaN was reduced 
efficiently by HF-based solution at room temperature, 
compared with the sample without HF treatment (Table. 1). 
Because the oxide is removed mainly by HF, F1s group are 
also present. 
The next aim of our study lies in characterization of 
surface oxidizing and oxygen contamination of GaN samples, 
after 10 min, 20 min, 30 min, 1 hour, one week of HF 
treatment of GaN film surface. 
 
TABLE I.  ATOMIC % OF GA3D, O1S, F1S, C1S AND N1S GROUPS AFTER 






(1 min HF 
treatment) 
Atomic % 
(2 min HF 
treatment) 
1. Ga3d 30,63 24,91 24,77 
2. O1s 4,48 7,33 8,33 
3. F1s - 4,1 3,87 
4. C1s - 8,51 8,73 
5. N1s 63,97 55,14 54,31 
 
Figure 1 shows the difference in oxygen contamination for 
GaN film after different periods of time. We can make several 
observations on obtained results: 
- 41% HF, 1:10 41% HF treat GaN film surface in a 
different ways. While 41% HF removing the oxygen more 
effectively and open more ALD GaN surfaces, 1:10 41% HF 
less active for GaN surface treatment; GaN film right after 
ALD growth process is more stable to the oxygen influence 
compared with 41% HF, 1:10 41% HF 
- 10 minutes after HF treatment both GaN samples in 
41% HF and 1:10 41% HF solutions have almost equal 
percentage of oxygen on the surface. Lower percentage of 
oxygen without HF is due to the XPS characterization of 
the sample immediately after ALD grown GaN that show 
more resistant stable to the oxidation processes under the 
air conditions; 
- 30 minutes after HF treatment GaN sample in 41% HF 
solution show lower oxygen contamination due to more 
effective oxygen removing from the sample and not long time 
duration after HF treatment. Oxygen contamination in the 
sample without HF treatment start to increase faster compared 
to two other samples; 
- 1, 2 hours, 1 day, 1 week after HF treatment GaN sample 
in 1:10 41% HF solution (compared with sample treated in 
undiluted HF solution) show better stability under air 
conditioning. After this point we see almost the same 
correspondences. 
 
Fig. 1. Oxygen contamination of GaN after different time of air conditioning. 
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As far as 1:10 HF solution seems the best choice for getting 
more resistant GaN top surface, we obtained high resolutions 
Ga3d, O1s and N1s peaks via XPS system and made parameters 
fitting of the surface of samples that were treated with 1:10 HF 
solution and their air conditioning during 10 min, 1 hour and 1 
week. For sample after 10 min under air conditioning we 
observe the main peak and first sub peak that reveals Ga3d 
signal on the surface. The second sub peak is 20.19 eV. This 
binding energy still related to Ga3d, nevertheless this slight shift 
to higher energy show initial surface modification with oxygen. 
In the literature Ga2O3 expected to be centered at 20.5 eV or 
higher [24] that confirm our hypothesis. The XPS spectra show 
O1s peak on 531.07 eV and coincide with literature [25]. 
The Ga3d and O1s XPS analysis of GaN sample after 1 
hour of 1:10 HF treatment reveal a dominant subpeak at 
532.48±0.1 eV, that corresponds to O-C peak (due to 
atmospheric contamination) that closely similar to a literature 
data (532.6 eV) [26, 27] and binding energy ∼19.68 eV that 
represent narrow Ga3d signal. The presence of peak in a 
binding energy 20.07 eV start to appear, that represent Ga-O 
binding [28], while second sub peak 19.94 eV increase in 
intensity. This sub peak might reveal to a second sub peak 
from samples with 10 min of air conditioning. 
Ga3d XPS analysis of GaN sample after 1 week of 1:10 
HF treatment reveal a dominant subpeak at 532.48±0.1 eV and 
binding energies at 19.8 eV and 20.07 eV, that represent Ga-O 
bond and larger shifting to bigger energies, compared to 1 
hour of 1:10 HF treatment of GaN film that related to Ga2O3. 
As we can see from Fig. 2a (After 1 week), Ga-O binding 
peak increase, while intensity of Ga3d decreasing. 
High resolution XPS scan of N1s was collected to obtain 
oxidation state information about GaN film. The N 1s peak is 
commonly used for the identification of the nitrogen oxidation 
state. This is due to its high photoemission intensity [29]. The 
main peak that was obtained both after 10 min 397.18 eV Ga-N 
binding [30] and 1 hour was 397.02 eV that correspond to N-3 
and represent nitride [31]. As seen in Fig. 2, another N1s peak is 
centered at 397.7 eV, which corresponds to the nitride oxidation 
state [32]. Peak at 395.7 eV correspond to Ga Auger peaks [33].  
Relative energy binding show slight shifting in intensity 
for 10 min and 1 hour (400 a.u.) while intensity comparison 
for samples after 10 min and 1 week under air conditions show 
decreasing in intensity up to 1150 a.u. For main peaks that 
related to N1s and Ga-N binding intensity decrease, while 
intensity of sub peaks increasing. 
CONCLUSION 
After detailed study of native oxide presence in GaN thin 
films after HF treatment and comparatively inconsiderable time 
under the air conditioning (10 min) we observed top GaN layers 
still contain ∼3–6 % of oxide atoms depending on HF 
concentration and HF treatment time. Better resistivity was 
observed for GaN film without any HF treatment 10 min after 
HCPA ALD grown GaN. The resistivity of GaN film to oxygen 
incorporation decrease after enlargement of air conditioning time 
for samples (1) without and (2) with undiluted HF treatment., 
while for sample with utilization of diluted HF, GaN surface 




a    b 
Fig. 2. High-resolution XPS spectra of (a) Ga3d and (b) N1s peaks of PEALD 
grown GaN films after different time of air conditioning. 
GaN films after diluted 1:10 HF treatment of top surface 
show better resistivity to the air incorporation after 30 min, 1 
hour, 2 hours and 1 week under air influence that might be caused 
because of top surface oxygen saturation and better packaging of 
underneath GaN film. 
HCPA ALD GaN grown films could be used for further 
technological steps where oxygen contamination on the surface in 
the range to 5-10 % is not critical. Otherwise, other technological 
optimization steps for better resistivity or improved technique for 
native oxide removing from the top GaN are needed. 
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